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1
WORDLINE PULSE DURATION
ADAPTATION IN A DATA STORAGE
APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of data processing.
More particularly, this invention relates to an apparatus for
storing data in an array of bitcells, wherein access to a
selected bitcell in the array of bitcells requires assertion of a
wordline pulse on a wordline associated with a row in which
the selected bitcell is to be found.

2. Description of the Prior Art

In the context of an apparatus for storing data in an array of
bitcells it is known that the duration of wordline pulse which
a given bitcell requires in order to be able reliably to perform
aread or write operation can vary in dependence on a range of
factors. For example, the particular level ofthe supply voltage
provided to the bitcell array and the temperature at which the
bitcell array is operating can cause the wordline pulse dura-
tion threshold (defining the boundary between successful and
unsuccessful operation) to vary. However, other factors such
as fluctuations in component sizes due to manufacturing
variation are also known to have an effect. These variations
can be local—at the level of individual components—or glo-
bally across, say, an entire integrated circuit (e.g. variations in
oxide thickness). As a result, it is known to adopt a “worst-
case” design approach, where parameters such as the word-
line pulse duration and the supply voltage are set to incorpo-
rate a safety margin such that reliable and robust operation of
the apparatus containing the bitcell array can be ensured.
There is however an undesirability to this approach in that the
setting of the wordline pulse duration and supply voltage to
cater for the worst-case scenario necessarily means that in
many instances greater energy is being expended to operate
the system than is strictly necessary.

In addition, as the development of bitcell designs pushes to
smaller technology scales and lower supply voltages, the
impact of these known variabilities increases and, according
to the prior art techniques, would require an ever greater
relative margin to be used in order to ensure reliable opera-
tion. However, in association with the drive towards smaller
technology scales and lower supply voltages, there is also
pressure to provide data storage devices which consume less
energy and such increased margining does not align well with
this goal.

SUMMARY OF THE INVENTION

Viewed from a first aspect, the present invention provides
an apparatus for storing data comprising: an array of bitcells,
the array comprising a plurality of rows of bitcells, wherein
access to a selected bitcell in the array of bitcells requires
assertion of a wordline pulse on a wordline associated with a
row in which the selected bitcell is to be found; wordline pulse
circuitry configured to generate the wordline pulse; sensor
circuitry comprising a calibrated bitcell and a test wordline,
wherein the calibrated bitcell is calibrated in a prior calibra-
tion process to use, in writing to the calibrated bitcell, a
calibrated duration of wordline pulse on the test wordline
which matches a longest wordline pulse required by any
bitcell in the array of bitcells for a successful write operation
to be carried out, wherein the sensor circuitry is configured to
signal a wordline pulse duration to the wordline pulse cir-
cuitry based on the calibrated duration and wherein the word-
line pulse circuitry is configured to generate the wordline
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2

pulse with the wordline pulse duration signalled by the sensor
circuitry, and wherein the sensor circuitry is configured to
adapt the wordline pulse duration in dependence on current
local conditions in which the apparatus operates to compen-
sate for influence ofthe current local conditions on the longest
wordline pulse required by any bitcell in the array of bitcells.

The present technique recognises, with regard to an array
of bitcells, that the determining factor in setting the required
duration of a wordline pulse for that array of bitcells is the
“slowest” bitcell in the array of bitcells, i.e. that bitcell which
requires the longest wordline pulse in order to be able to carry
out a successful write operation. The present technique pro-
vides sensor circuitry as part of the apparatus for storing data,
this sensor circuitry comprising a calibrated bitcell. A prior
calibration process is carried out on this calibrated bitcell, so
that the wordline pulse used for a write process in this cali-
brated bitcell matches the longest wordline pulse required by
any bitcell in the array of bitcells for a successful write opera-
tion to be carried out. Accordingly, the prior art techniques of
margining in order to ensure that a successful write operation
can be carried out are not required, since the longest wordline
pulse required by the array of bits cells is actively measured in
the calibration process rather than merely being estimated
and allowed for.

The sensor circuitry is configured to signal the wordline
pulse duration thus determined, such that wordline pulse cir-
cuitry—used in accessing the bitcells in the array of bit-
cells—can use a wordline pulse duration to match. Neverthe-
less, the present technique further recognises that current
local conditions (such as the ambient temperature or the sup-
ply voltage level) can also influence the duration of the long-
est wordline pulse required by any bitcell in the array of
bitcells for a successful write operation to be carried out, and
accordingly the sensor circuitry is configured to adapt the
wordline pulse duration in dependence on those current local
conditions. In other words, the wordline pulse duration sig-
nalled by the sensor circuitry to the wordline pulse circuitry is
varied as those local conditions vary.

One advantage of providing a calibrated bitcell within the
sensor circuitry is that this calibrated bitcell will broadly
respond to the current conditions in a similar way to the
bitcells in the array of bitcells. For example, where a decrease
in the supply voltage causes a longer wordline pulse duration
to be required by the array of bitcells, this longer wordline
pulse duration requirement will also be reflected by the cali-
brated bitcell. In another example, where an increase in the
ambient temperature reduces the wordline pulse duration
required by the array of bitcells, this shorter wordline pulse
duration requirement will also be reflected by the calibrated
bitcell.

The present technique thus, on the one hand, supports
reliable access to the bitcell array by increasing the wordline
pulse duration where necessary to enable that access, and on
the other hand allows energy savings to be made where pos-
sible by decreasing the wordline pulse duration where this can
be done. As a result, significant energy savings can be
achieved by this dynamic adjustment of the wordline pulse
duration. In the context of low power applications and System
on Chips (SoCs), where the memory contributes significantly
to the total SoC power consumption, this energy saving can be
significant.

The sensor circuitry may be configured to signal the word-
line pulse duration to the wordline pulse circuitry in a number
of ways, but in some embodiments the sensor circuitry is
configured to signal the wordline pulse duration to the word-
line pulse circuitry by generating a signal wordline pulse
which has the wordline pulse duration. As mentioned above,
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one advantage of providing a calibrated bitcell within the
sensor circuitry is the feature that the environment in which
the calibrated bitcell operates will closely reflect the environ-
ment in which the bitcells in the array of bitcells operates.
Hence, a write operation in the calibrated bitcell will take
place within a very similar context as a write operation in the
array of bitcells. Moreover, where the calibrated bitcell has a
test wordline which carries the calibrated wordline pulse for
the calibrated bitcell, this test wordline can then be used as the
source of the information of the current wordline pulse dura-
tion, by coupling this test wordline to the wordline pulse
circuitry and allowing the wordline pulse circuitry to receive
the signal wordline pulse which has the wordline pulse dura-
tion. An efficient and direct communication of the wordline
pulse duration to the wordline pulse circuitry is thus sup-
ported.

In some embodiments, the sensor circuitry comprises trig-
ger circuitry configured to activate the test wordline and the
calibrated bitcell is configured such that activation of the test
wordline begins a write process to invert a default value held
by the calibrated bitcell, and the sensor circuitry comprises
reset circuitry configured to deactivate the test wordline when
the write process has successfully inverted the default value
held by the calibrated bitcell.

This combination of trigger circuitry and reset circuitry
thus enables the sensor circuitry to perform a “selftest” on the
calibrated bitcell, in which a wordline pulse on the test word-
line results which reflects the time required for a write process
to be carried out on the calibrated bitcell, by virtue of the fact
that it is the successful completion of the write process which
deactivates the test wordline and thus defines the end of the
wordline pulse.

In some embodiments the reset circuitry is configured,
when deactivating the test wordline, to cause the default value
to be restored to the calibrated bitcell. This advantageously
puts the calibrated bitcell back into a ready state for another
test writing process to be carried out.

In some embodiments the sensor circuitry comprises a
capacitance coupled to the test wordline, wherein the capaci-
tance is calibrated to correspond to a wordline capacitance of
one row of the plurality of rows of bitcells. This enables the
calibrated bitcell to have timing characteristics which closely
reflect those of the bitcells in the array of bitcells.

In some embodiments the sensor circuitry comprises bit-
line bias circuitry configured to apply a bias voltage to a
bitline node coupled to the calibrated bitcell, wherein calibra-
tion of the calibrated bitcell in the prior calibration process
comprises setting the bias voltage to cause the calibrated
duration of wordline pulse on the test wordline to match the
longest wordline pulse. The application of a bias voltage to a
bitline node coupled to the calibrated cell enables the time
required to perform a write to the calibrated bitcell to be
varied (in dependence on the particular bias voltage applied)
due to the effect that the biasing of the bitline node has on the
voltage level changes which must take place within the cali-
brated bitcell during a write process. In turn this enables the
corresponding wordline pulse duration to be adjusted.

In some embodiments the bitline bias circuitry comprises
voltage divider circuitry, wherein the voltage divider circuitry
comprises a plurality of voltage division paths coupled to the
bitline node, and wherein each of the plurality of voltage
division paths is selectively activated by a corresponding bit
of a multi-bit calibration signal. The configuration of the
bitline bias circuitry using voltage divider circuitry is advan-
tageous because this enables a reliable bias voltage to be set
which is less sensitive to environmental conditions (such as a
variation in ambient temperature or a variation in the supply
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voltage) than a reference bias would be. Furthermore, differ-
ent bitline bias voltages may readily be selected by the setting
of the bits of the multi-bit calibration signal, providing an
easily reconfigurable mechanism for setting different bias
voltages.

In some embodiments the apparatus is further configured
to perform an iterative calibration signal selection process to
adapt the multi-bit calibration signal in the prior calibration
process to cause the calibrated duration of wordline pulse on
the test wordline to match the longest wordline pulse. Accord-
ingly, the longest wordline pulse which has been determined
with respect to the bitcells to the array of bitcells can thus be
transferred to the calibrated bitcell, such that further opera-
tion of the calibrated bitcell enables this duration of wordline
pulse to be generated in association with the operation of the
calibrated bitcell.

In some embodiments the sensor circuitry comprises an
access transistor which is configured to couple the bitline
node to the calibrated bitcell, and the array of bitcells com-
prises bitcell array access transistors configured to couple an
array bitline to the bitcells of the array of bitcells, and the
access transistor is configured to switch faster than the bitcell
array access transistors in the array of bitcells. As such the
access transistor in the sensor circuitry may be arranged to
switch faster than the equivalent array access transistors in the
bitcell array. For example, it may be the case that the bitcell
array access transistors in the bitcell array selectively couple
the respective bitcells to an adjacent bitline on one side of the
respective bitcells, and the equivalent access transistor for the
calibrated bitcell (i.e. coupling the calibrated bitcell to the
bitline node on the same side) can thus be selected to be made
faster. Configuring the access transistor in this manner is
advantageous because as a result the wordline pulse duration
of'the sensor circuitry will be very likely to be smaller than the
longest wordline pulse determined for the array of bitcells.
This consequently means that only a positive voltage bias
need be applied to the bias voltage in order to calibrate the
calibrated bitcell to match the slowest bitcell in the bitcell
array (the one that requires the longest wordline pulse). This
in turn is advantageous because typical data processing sys-
tems (e.g. provided as a SoC) are generally not provided with
anegative supply rail and the required bias is thus very likely
to be able to be provided by an existing positive supply rail.

In some embodiments the access transistor is sized relative
to the bitcell array access transistors such that an expected
distribution after manufacturing of the wordline pulse dura-
tion generated by the calibrated bitcell before the prior cali-
bration process is carried out has a majority of data points at
lower durations than data points of an expected distribution
after manufacturing of the longest wordline pulse. The
present technique recognises that, due to the different varia-
tions that can occur (both global and local), a range of word-
line pulse durations is to be expected for the uncalibrated
bitcell (i.e. the calibrated bitcell before the prior calibration
process is carried out). Similarly it is recognised that, due the
same variations, a range of longest wordline pulses (i.e. the
longest wordline pulse required by any bitcell in the array of
bitcells for a successtul write operation to be carried out) is
also to be expected. Advantageously the present techniques
arrange that the majority of data points of the former range lie
at lower durations than the data points of the latter range. In
turn this then means that, in the majority of cases, the sensor
circuitry can be calibrated using a positive voltage bias to
match the longest wordline pulse required in the array of
bitcells. Whilst this may mean that there exists a minority of
cases in which the calibrated bitcell of the sensor circuitry can
only generate a longer wordline pulse than is required to
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match the longest wordline pulse required in the array of
bitcells, reliable operation of the bitcell array is nonetheless
supported. Depending on the expected variation in these two
ranges, a useful trade-off can thus be supported between
allowing the calibrated bitcell of the sensor circuitry more
often to be able to precisely match the longest wordline pulse
required in the array of bitcells and the increased range of
calibration which must be provided to support this.

In some embodiments the sensor circuitry is configured, in
response to a change in the current local conditions, to carry
out a test write operation on the calibrated bitcell to determine
a new wordline pulse duration. Accordingly when such a
variation in the current local conditions occurs, which could
have had an effect on the required wordline duration, the
sensor circuitry can determine the new wordline pulse dura-
tion in response. There could be a variety of particular current
local conditions to which the sensor circuitry may be config-
ured to adapt, but in some embodiments the sensor circuitry
comprises a voltage sensor configured to determine a change
in a voltage supply used by the apparatus. Similarly, in some
embodiments the sensor circuitry comprises a temperature
sensor configured to determine a change in local temperature.

Insome embodiments the apparatus further comprises self-
testing circuitry configured to perform the prior calibration
process comprising initially setting the wordline pulse to have
a predetermined minimum duration, followed by iteratively
testing each row in the array of bitcells, wherein testing each
row comprises writing to that row followed by reading from
that row to determine if the writing to that row was successful,
and incrementing the duration of the wordline pulse until
every row in the array of bitcells has been successfully written
1o, to thus determine the longest wordline pulse. This exhaus-
tive iterative process thus enables the longest wordline pulse
to be determined for any bitcell in the bitcell array.

In some embodiments the self-testing circuitry is further
configured to perform the prior calibration process such that
testing each row comprises:

writing a sequence of Os to that row followed by reading
from that row and determining if the writing of Os to that row
was successful; and

writing a sequence of 1 s to that row followed by reading
from that row and determining if the writing of is to that row
was successful. Accordingly, by testing the writing of both Os
and 1s to each row, it is ensured that there is no dependency of
the performance of the calibrated apparatus on the data it is
required to store, i.e. a bias in the longest wordline pulse
duration in dependence on whether a0 or a 1 is required to be
written.

In some embodiments the wordline pulse circuitry com-
prises wordline pulse quantization circuitry configured to
sample the signal wordline pulse generated by the sensor
circuitry and wordline pulse registers configured to store a
quantization result generated by the wordline pulse quantiza-
tion circuitry, wherein the wordline pulse circuitry is config-
ured to generate the wordline pulse with a duration specified
by the quantization result stored in the wordline pulse regis-
ters. In embodiments in which the sensor circuitry is config-
ured to signal the wordline pulse duration to the wordline
pulse circuitry by generating a signal wordline pulse which
has the wordline pulse duration, this thus enables the word-
line pulse circuitry to capture the wordline pulse duration in a
readily storable format and to store that duration for future
reference.

The wordline pulse quantization circuitry may take a vari-
ety of forms, but in some embodiments the wordline pulse
quantization circuitry comprises a sequence of delay stages
configured to receive the signal wordline pulse and a set of
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pass gates coupled to intermediate nodes between the delay
stages, wherein each pass gate in the set of pass gates is
configured to transmit a signal from a respective intermediate
node when that pass gate is open, and the respective gates of
the set of pass gates are coupled together and configured to
receive the signal wordline pulse, such that the set of pass
gates are opened by a starting edge of the signal wordline
pulse and are closed by an ending edge of the signal wordline
pulse, and comprising capture circuitry configured to capture
the signals from the respective intermediate nodes via the
pass gates as the quantization result. Using a set of pass gates
coupled to the respective intermediate nodes to transmit a
signal from each respective intermediate node when that pass
gate is open advantageously reduces the capacitive loading at
each respective intermediate node. In turn this reduces the
energy consumption associated with operating this wordline
pulse quantization circuitry. Furthermore this allows for a
more accurate measurement of the wordline pulse duration by
reducing the additional delay associated with each delay
stage.

In some embodiments, the capture circuitry comprises
thermometer to binary conversion circuitry configured to
generate a set of binary values in dependence on a thermom-
eter value represented by the signals from the respective
intermediate nodes via the pass gates. This enables the signals
from the respective intermediate nodes via the pass gates to be
converted into a format which is readily and efficiently stored
in the wordline pulse registers.

In some embodiments a first delay stage of the sequence of
delay stages is configured to have a delay corresponding to a
minimum expected wordline pulse duration for the array of
bitcells. This advantageously reduces the number of delay
stages which need to be provided for the wordline pulse
quantization circuitry to be able to capture the wordline pulse
duration in quantized form and in turn reduces the energy
consumption associated with operating this wordline pulse
quantization circuitry.

In some embodiments the wordline pulse circuitry com-
prises binary to thermometer conversion circuitry configured
to generate a set of signals in a thermometer value represen-
tation from a set of binary values given by the quantization
result stored wordline pulse registers. This enables the con-
tent of the wordline pulse registers to be readily and effi-
ciently converted into a format which is suitable for conver-
sion into a wordline pulse of defined duration, for example by
controlling a set of pass gates.

In some embodiments the wordline pulse circuitry com-
prises wordline pulse generation circuitry configured to gen-
erate the wordline pulse at an output node and comprising a
sequence of delay stages and a set of pass gates coupled to
intermediate nodes between the delay stages, wherein each
pass gate in the set of pass gates is configured to be open when
a respective signal from the set of signals in thermometer
representation is not asserted, and respective outputs of the set
of pass gates are coupled together and coupled to pulse ter-
mination circuitry, such that a starting edge received at the
output node is propagated through the sequence of delay
stages until the starting edge reaches an selected intermediate
node coupled to an open pass gate and the starting edge
activates the pulse termination circuitry to generate a ending
edge at the output node. Similarly to the configuration men-
tioned above, the use of a set of pass gates coupled to the
respective intermediate nodes to convert the set of signals in
thermometer representation into a wordline pulse of given
duration advantageously reduces the capacitive loading at
each respective intermediate node. Again, this then reduces
the energy consumption associated with operating this word-
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line pulse quantization circuitry. Furthermore this allows for
a more accurate generation of the wordline pulse duration by
reducing the additional delay associated with each delay
stage.

In some embodiments a first delay stage of the sequence of
delay stages is configured to have a delay corresponding to a
minimum expected wordline pulse duration for the array of
bitcells. This advantageously reduces the number of delay
stages which need to be provided for the wordline pulse
quantization circuitry to be able to generate the wordline
pulse having a duration given by the values stored in the
wordline pulse registers and in turn reduces the energy con-
sumption associated with operating this wordline pulse quan-
tization circuitry.

Viewed from another aspect the present invention provides
a method of adapting a duration of a wordline pulse in an
apparatus for storing data comprising an array of bitcells, the
array comprising a plurality of rows of bitcells, wherein
access to a selected bitcell in the array of bitcells requires
assertion of the wordline pulse on a wordline associated with
a row in which the selected bitcell is to be found, the method
comprising the steps of:

performing a prior calibration process, with respect to sen-
sor circuitry comprising a calibrated bitcell and a test word-
line, to adapt the calibrated bitcell to use, when the calibrated
bitcell is written to, a calibrated duration of wordline pulse on
the test wordline which matches a longest wordline pulse
required by any bitcell in the array of bitcells for a successful
write operation to be carried out;

signalling a wordline pulse duration based on the cali-
brated duration;

generating the wordline pulse with the wordline pulse
duration signalled; and

adapting the wordline pulse duration in dependence on
current local conditions in which the apparatus operates to
compensate for influence of the current local conditions on
the longest wordline pulse required by any bitcell in the array
of bitcells.

Viewed from another aspect the present invention provides
an apparatus for storing data, comprising:

an array of bitcells, the array comprising a plurality of rows
of bitcells, wherein access to a selected bitcell in the array of
bitcells requires assertion of the wordline pulse on a wordline
associated with a row in which the selected bitcell is to be
found;

means for generating the wordline pulse;

means for performing a prior calibration process, with
respect to sensor circuitry comprising a calibrated bitcell and
atest wordline, to adapt the calibrated bitcell to use, when the
calibrated bitcell is written to, a calibrated duration of word-
line pulse on the test wordline which matches a longest word-
line pulse required by any bitcell in the array of bitcells for a
successful write operation to be carried out;

means for signalling a wordline pulse duration based on the
calibrated duration to the means for generating the wordline
pulse;

means for adapting the wordline pulse duration in depen-
dence on current local conditions in which the apparatus
operates to compensate for influence of the current local
conditions on the longest wordline pulse required by any
bitcell in the array of bitcells.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described further, by way of
example only, with reference to embodiments thereof as illus-
trated in the accompanying drawings, in which:
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FIG. 1 schematically illustrates an apparatus for storing
data comprising a bitcell array and associated sensor circuitry
in one embodiment;

FIG. 2A shows the distribution of wordline pulse duration
required to successfully perform read and write operations on
an example bitcell array in one embodiment;

FIG. 2B shows the correspondence of the energy consump-
tion with the wordline pulse duration range shown in FIG. 2A;

FIG. 3 shows the variation of the required wordline pulse
duration with supply voltage and operating temperature, and
the corresponding variation in energy consumption in one
embodiment;

FIG. 4A schematically illustrates sensor circuitry compris-
ing a calibrated bitcell in one embodiment;

FIG. 4B shows an example set of wave forms for the
circuitry shown in FIG. 4A;

FIG. 5A schematically illustrates bitline bias circuitry in
one embodiment;

FIG. 5B shows the variation of the minimum wordline
pulse duration with a relative bitline bias voltage value pro-
vided by the bitline bias circuitry shown in FIG. 5A in one
embodiment;

FIG. 6 shows the expected distribution after manufacture
of the minimum wordline pulse duration required to success-
fully perform a write operation in the calibrated bitcell of the
sensor circuitry compared to the expected distribution after
manufacture of the longest wordline pulse duration required
to successfully write to the bitcells in an array of bitcells in
one embodiment;

FIG. 7 shows the calibration of the calibrated bitcell in the
sensor circuitry in one embodiment;

FIG. 8 schematically illustrates wordline pulse circuitry in
one embodiment;

FIG. 9 schematically illustrates wordline pulse quantiza-
tion circuitry in one embodiment;

FIGS. 10A and 10B schematically illustrate wordline pulse
generation circuitry in one embodiment;

FIG. 11A schematically illustrates apparatus for storing
data in one embodiment;

FIG. 11B schematically illustrates a series of steps which
are taken in apparatus for storing data in one embodiment to
initially calibrate the sensor circuitry and then to adapt the
wordline pulse duration in response to variations in local
conditions;

FIG. 12A schematically illustrates apparatus for storing
data in one embodiment;

FIG. 12B schematically illustrates a series of steps which
are taken in a calibration process for the sensor circuitry in
one embodiment;

FIG. 13A schematically illustrates apparatus for storing
data in one embodiment; and

FIG. 13B schematically illustrates a series of steps which
are taken to calibrate bitline bias circuitry in one embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 schematically illustrates an apparatus 10 for storing
data in one embodiment. The apparatus 10 comprises a bitcell
array 12 in which rows 14 of individual bitcells 16 are pro-
vided. Each row 14 of bitcells has an associated wordline 18
on which a wordline pulse must be asserted when access to a
selected bitcell 16 in that row is to be carried out. The word-
line pulse generated for each wordline 14 is provided by the
wordline pulse circuitry 18. Although only schematically
illustrated in FIG. 1, the bitcell array 12 represents a 78 kbit
SRAM array manufactured at the 28 nm technology node.
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The array has 256 rows and 4 columns, each having a word
with a size of 78 bits. The bitcell array 12 also has associated
read-out circuitry 20 (coupled to the bit lines of the bitcell
array 12 and not described in further detail here). The appa-
ratus 10 comprises control circuitry 22 which is configured to
control the operation of the wordline pulse circuitry 18. In
particular in the context of the present techniques, the control
circuitry 22 is configured to configure the wordline pulse
circuitry 18 to participate in a built-in self-test (BIST) process
the operation of which is determined by the self-test circuitry
24 which also forms part of the apparatus 10.

The apparatus 10 further comprises sensor circuitry 26
which is configured to signal a wordline pulse duration to the
wordline pulse circuitry 18 to configure the duration of word-
line pulse which the wordline pulse circuitry 18 applies to the
wordlines 14. As will be described in more detail with refer-
ence to the following figures, the sensor circuitry 26 is con-
figured to do this in response to control by the self-test cir-
cuitry 24, but is also configured to do this during the on-going
(i.e. not during self-test) operation of the apparatus 10. As part
of that on-going operation, the sensor circuitry 26 receives
information from the voltage and temperature sensors 28,
which provide an indication of the current local conditions in
which the apparatus 10 is operating, and trigger the sensor
circuitry 26 to vary the wordline pulse duration which it
signals to the wordline pulse generation circuitry 18.

Some of the benefits which may be achieved by means of
the present techniques may be better understood with refer-
ence to FIGS. 2A, 2B and FIG. 3. FIG. 2A shows the distri-
bution of wordline pulse durations which are required to
successfully perform a robust read or write operation on the
bitcells in a 78 kbit SRAM array (such as that schematically
illustrated in FIG. 1) across the expected global and local
process variations at the 28 nm technology node. Note that
this distribution is given with respect to a normalised word-
line duration scale, and on this scale it can be seen that the
bitcells require pulse durations ranging from approximately
0.7 to just above 0.95. This distribution of normalised word-
line pulse durations is also represented in FIG. 2B, showing
the normalised energy expenditure associated therewith. The
energy expenditure is broken down into the energy associated
with a read process (diamonds), the energy associated with a
write process (triangles) and the total dynamic energy expen-
diture—defined as the sum of the read and write energies—
(squares). It can clearly be seen that the write process is the
more expensive in terms of energy expenditure, and further
that increasing the wordline pulse duration increases the
dynamic energy consumption. This is due to the increased
pre-charge, wordline driver and bitline driver energies. How-
ever, further considered in the context of the prior art margin-
ing technique in which the wordline pulse duration is set to
cater for the worst-case scenario (i.e. to cover the longest
wordline pulse duration required within the SRAM array) it
can be seen that total energy savings of up to 44% can be
achieved, since the energy expenditure for the shortest word-
line pulse durations required—at a normalised total energy of
0.56—represents a reduction of 44% with respect to the
energy expenditure associated with the longest wordline
pulse duration required—at a normalised energy value of
1.00.

FIG. 3 further shows the variation in normalised energy
consumption associated with the read and write processes on
the same 78 kbit SRAM array across a range of supply voltage
and operating temperature. The normalised wordline pulse
duration required to successfully perform these read and
write processes in a robust manner is shown. The prior art
worst-case design approach usually allows for £10% varia-
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tion in the supply voltage and an operating temperature range
0t 0-100 C. The selected data points shown in FIG. 3 corre-
spond to the outer limits of these supply voltage and tempera-
ture ranges around a central nominal operating voltage of
0.9V and ambient temperature of 25 C. A 10% drop in the
supply voltage (to 0.81V) and an ambient temperature of 0 C
corresponds to the longest (normalised to 1.0 in the figure)
wordline pulse duration, also having the greatest correspond-
ing dynamic energy consumption (also normalised to 1.0 in
the figure). By contrast, a 10% increase in the supply voltage
(to 1V) and an ambient temperature of 100 C gives a reduced
dynamic energy consumption of 0.6 (normalised) at a shorter
wordline pulse duration of 0.76 (normalised). Accordingly, it
can be seen that total energy savings of up to 40% can be
achieved by adjusting the wordline pulse duration to allow for
local supply voltage and temperature variations.

FIG. 4A schematically illustrates in more detail some of
the components of the sensor circuitry 26 (see FIG. 1) by
means of which the present technique allows the above men-
tioned energy savings to be accessed. A central feature of the
sensor circuitry 26 is the (calibrated) bitcell 40, which essen-
tially correspond in construction to the construction of the
bitcells 16 which are to be found in the bitcell array 12. The
calibration of this (calibrated) bitcell 40 is performed in a
prior calibration process, i.e. before normal operation (read/
write access) with respect to the bitcell array 12 is allowed to
be performed. This prior calibration process is performed
under the control of the self-test circuitry 24 as will be
described in more detail below. The minimum word line pulse
duration which is required to successfully write to a memory
bitcell is defined as T,,,. It has previously been shown that
with technology scaling the required wordline pulse duration
is very likely to be higher for write operations than for read
operations and hence T ,,, can be used to successfully perform
both the read and write operations. Accordingly, in order to
calibrate the (calibrated) bitcell 40, the self-test circuitry 24
measures the T _,,, of the worst-case (i.e. slowest) bitcell in the
bitcell array and calibrates the bitcell 40 to match (by appro-
priate setting of the voltage at BLB—to be described in more
detail below) to adjust the T _,,, of the sensor circuitry 26 (i.e.
of the bitcell 40) to be the same as that of the worst-case
bitcell.

Thus calibrated, the sensor circuitry 26 can be used to
generate a wordline pulse which corresponds to that required
for a write process to be successfully carried out on the
worst-case bitcell in the bitcell array. The generation of such
a wordline pulse is performed as follows. The calibrated
bitcell 40 initially stores a logical value of 0. When the
“Enable” signal is asserted (refer also to F1G. 4B which shows
example waveforms for the operation of the sensor circuitry
26 shown in FIG. 4A), the trigger signal generation circuitry
42 generates a “Trigger” pulse which (via the PMOS/NMOS
cascade 44) causes the wordline to be asserted, i.e. the word-
line pulse to begin. Note that PMOS transistor PO and NMOS
transistor N0 are used to decouple the switching effect from
the wordline signal. Once asserted, the wordline signal, via
buffer 46, as the input signal WL_IN causes the access tran-
sistors 48 and 50 of the calibrated bitcell 40 to open, starting
the process of writing a logical 1 to the bitcell. Q and QB start
charging and discharging respectively. Once Q crosses QB
the reset circuitry 52, which operates on the basis of a com-
parison between the values Q and QB, causes the “Reset”
signal to be asserted. This deactivates the “Wordline™ signal
(i.e. ends the wordline pulse) indicating the end of the write
operation to the calibrated bitcell. As a final step, the Reset
signal is also used to assert the signals PCH and PCHB which
reset the calibrated bitcell, causing a logical 0 to be stored
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again ready for the next text write operation. Note that PCH
and PCHB are applied to the respective sides of the calibrated
bitcell via the NMOS cascade 54 and PMOS cascade 56
respectively, which incorporate transistors N1 and P1 to
decouple the switching effect from the Q and QB nodes. Note
also that the capacitor C,; 58 is coupled to the calibrated
bitcell 40 and has a value equivalent to the wordline capaci-
tance of one row 14 in the bitcell array 12, to enable the
calibrated bitcell 40 to have a similar initial wordline pulse
duration requirement as the expected worst-case SRAM bit-
cell. Note that the setting of this capacitance C,;; need not be
exact because of the calibration of the calibrated bitcell 40
which can be performed (see below).

The calibration of the calibrated bitcell 40 in the sensor
circuitry 26 is performed through a digital setting of the
voltage at BLB, using the bitline bias circuitry 70 schemati-
cally shown in FIG. 5A. This follows a built-in self-test
(BIST) process initially carried out under the control of the
self-test circuitry 24 (see FIG. 1) to measure T,,, of the
worst-case (i.e. requiring the longest wordline pulse duration)
bitcell in the bitcell array 12. The values B0, B1 and B2 are
selected in order to set the BLB voltage. B0, B1 and B2
control the respective paths through the voltage divider cir-
cuitry 70, these voltage division paths being provided with
respectively doubled resistances with respect to one another
such that range of BLB voltage values can be selected by
appropriate setting of the B0-B2 control values. The use of a
voltage divider for setting the BLB value is particular advan-
tageous for keeping the calibrated bitcell 40 tuned to the
worst-case bitcell in the bitcell array 12 as voltage supply/
ambient temperature variations occur, since if a reference bias
was used instead an increase in the supply voltage would
increase the dynamic margin of the sensor calibrated bitcell
40 more than that of the worst-case bitcell in the bitcell array
and hence the required performance matching would not be
achieved. FIG. 5B shows the distribution of the normalised
T, of the calibrated bitcell 40 against the BLB/VDD ratio
across the global and process variations mentioned above. It
can be seen that the value of R has been chosen such that
BLB/VDD ratios in the range 0-0.15 can be achieved.

The present techniques further recognise that local process
variations could set the T_,,, of the bitcell 40 of the sensor
circuitry 26 (before calibration) to be higher or lower than that
of'the worst-case memory bitcell. Generally this could there-
fore mean that a negative voltage at BLB might be needed in
order to bias BLB in the case that these local process varia-
tions resulted in T ,,, of the sensor bitcell being greater than
that of the worst-case memory bitcell. Given that most sys-
tem-on-chip (SoC) arrangements don’t have access to a nega-
tive supply rail, the present technique provides that the right-
hand access transistor 50 (see FIG. 4A) of the bitcell 40 in the
sensor circuitry 26 is intentionally “upsized” to be three times
larger than the equivalent access transistor in the SRAM
bitcells 16. This ensures that it is very likely that the sensor
circuitry bitcell 40 will have a smaller T_,,, than that of the
worst-case SRAM bitcell 16, and hence that only a positive
bias of BLB is required.

FIG. 6 shows the normalised expected distribution of T _,,,
after manufacture for the sensor bitcell and for a SRAM
bitcell across the expected global and process variations. It
can be seen that a majority of the T ,,, values for the sensor
bitcell lie at lower T,,,, values than those for the SRAM
bitcell, meaning that in the majority of cases the sensor bitcell
can be calibrated to have the (longer) T,,,, value of the worst-
case SRAM bitcell. It is recognised that there is a small
overlap area between the sensor bitcell T,,,, values and the
SRAM bitcell T,,,, values for which the available positive bias
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which may be applied to BLB will be unable to correct the
sensor bitcell to match the T _,, of the SRAM bitcell, but a
robust write process with respect to this SRAM bitcell is
nevertheless assured, since this only means that a longer
wordline pulse duration than is strictly necessary will be
generated. Although it would be possible to arrange the dis-
tributions of the T_,,, values for the SRAM bitcell and the
sensor bitcell such that all occurrences could be corrected by
apositive bias applied to BLB, this would come at the price of
a greater range of BLLB bias being required to be provided.

FIG. 7 shows the calibration of the sensor circuitry 26 to the
worst-case bitcell of the 78 kbit bitcell array 12 at the typical
operating point (0.9V, 25 C). Having been calibrated at this
calibration point, FIG. 7 demonstrates the range of calibration
of this sensor circuitry 26, from the shortest T ,,, (at 1V and
100 C) to the longest T ,,, (at 0.81 V and 0 C). Overall it can
be seen that the sensor circuitry 26 accurately adjusts the
word line pulse duration which is needed to write to this
worst-case bitcell in the bitcell array. It is noted that there is a
small deviation (approximately 2% error) in the value of the
longest T _,,, (at 0.81V, 0 C), however this is not significant to
the performance of the overall apparatus and is readily com-
pensated for in the wordline control scheme which utilises
this sensor circuitry 26.

FIG. 8 schematically illustrates an overview of the configu-
ration of the wordline pulse circuitry 18, which receives the
wordline pulse generated by the sensor circuit 26. The word-
line pulse circuitry 18 is configured to determine the duration
of the wordline pulse received from the sensor circuit and
store this duration by means of a set of values held in registers
84, 86, 88, 90 within the wordline pulse circuitry. Accord-
ingly, in a first stage the wordline pulse received from the
sensor circuit 26 is received by wordline pulse quantization
circuitry 80 which is configured to convert the wordline pulse
into a thermometer value, this thermometer value being
passed to thermometer to binary circuitry 82, which in turn
converts this thermometer value into a binary value which is
then stored in the registers 84-90. The wordline pulse cir-
cuitry 18 is provided with a second stage configured to con-
vert a set of values stored in the registers 84-90 into a wordline
pulse of a corresponding duration. The values stored in the
registers 84-90 are received by the binary to thermometer
circuitry 92 which converts this binary value into a thermom-
eter value, which is passed to the wordline pulse generation
circuitry 94, which in turn generates a wordline pulse with the
defined duration. More detail of this first quantization stage
and second generation stage are described below with refer-
ence to FIGS. 9, 10A and 10B.

FIG. 9 schematically illustrates in more detail the configu-
ration of the above mentioned “first stage” of the wordline
pulse circuitry 18 at which a received wordline pulse from the
sensor circuitry is converted into binary values which are
stored in the registers 84-90. The wordline pulse quantization
circuitry comprises 16 delay stages (of which only stages 100,
102, 104 and 106 are shown) through which the wordline
pulse received from the sensor circuit is passed. The first
delay stage (“Delay Stage 0”) 100 is configured such that the
delay it applies to the signal received is tuned by the bias
voltage V, to correspond to the minimum wordline pulse
duration which is expected to be required for the bitcell array
when allowing for global and local variations (see FIG. 2A,
i.e. the left-hand most data point in the distribution). The
subsequent 15 delay stages of the quantization circuitry then
provided delays which correspond to the full range of word-
line pulse durations which is expected to be required for the
bitcells of the bitcell array (i.e. covering the full range of
wordline pulse durations shown in FIG. 2A). In addition to
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the delay stages 100, 102, 104, 106, the wordline pulse quan-
tization circuitry further comprises pass gates P0-P15 which
are used to sense the internal nodes N0-N15 of the delay line.
Each of these nodes is initially discharged to zero. The input
of the wordline pulse quantization circuitry which receives
the wordline pulse from the sensor circuit couples the word-
line pulse to the gate of each of the pass gates P0-P15. Accord-
ingly when the wordline pulse goes high each of these
(PMOS) pass gates turns on. In parallel, the rising edge of the
wordline pulse in propagated along the delay line (i.e. from
N0 towards N15), such that once the wordline pulse goes low
the pass gate P0-P15 are turned off and the internal nodes of
the delay line which the rising edge of the wordline pulse had
already reached are sensed as having a value of 1, whilst
nodes which had not been reached by the rising edge of the
wordline pulse are sensed as having a value of 0. This thus
represents the thermometer value which is passed to the ther-
mometer to binary circuitry 82 from the pass gates P0-P15.
The thermometer to binary circuitry 82 then converts this
thermometer value to an equivalent binary value which is
stored in the 4-bit registers 84-90.

FIGS. 10A and 10B illustrate in more detail the configu-
ration of the second stage of the wordline pulse circuitry 18,
namely the wordline pulse generation circuitry which is used
to generate the required wordline pulse duration for the bitcell
array from the content of the registers 84-90. A binary code
retrieved from the registers 84-90 is converted to a thermom-
eter code by the binary code by the binary to thermometer
circuitry 92 and this thermometer value is applied to the set of
pass gates 110. Thereafter, when the clock signal (clk) is
asserted the pulse generation circuitry 112 generates a trigger
signal which provides the rising edge of the wordline pulse.
This wordline pulse rising edge then propagates along the
delay line formed by the set of delay stages 114, 116, 118,
120. The rising edge propagates until it reaches a delay stage
where the corresponding pass gate is connected to a zero
thermometer code value, this providing an open path through
the corresponding pass gate for the rising edge to open the
further pass gate (NMOS) NX which resets the wordline
pulse (i.e. provides its concluding, falling edge). Note that the
first delay stage 114 of the sequence of delay stages shown in
FIG. 10B is, like the delay stage 100 shown in FIG. 9A, tuned
via a bias voltage V , to correspond to the expected minimum
wordline pulse duration.

FIGS. 11A and 11B provide a schematic overview of the
operation of the system both in an initial calibration phase and
in its subsequent regular operation. In the initial calibration
phase a built-in self-test (BIST) process is run in order to
determine the T _,,, of the worst-case bitcell in the bitcell array
12. This value is then used to calibrate the margin sensor
(sensor circuitry 26) such that in the on-going regular opera-
tion of the memory the margin sensor can be triggered by a
variation in the locally detected voltage or temperature in
order to generate a new wordline pulse, which is then received
by the wordline quantizer and causes the values stored in the
wordline registers to be updated such that an amended word-
line pulse duration is applied to the SRAM core cells. The
steps of these processes are schematically illustrated in FIG.
11B. At a first step 140, the BIST process is run in order to set
the wordline registers to correspond to the T_,,, of the worst-
case bitcell in the memory. Then at step 142 the margin sensor
is calibrated (by means of the bitline bias circuitry 70) to have
the same T_,,, as that defined by the content of the wordline
registers. Thereafter the “normal” operation of the memory
may begin, wherein (at step 144) the content of the wordline
registers is used to generate read and write wordline pulses for
accessing the memory. On an ongoing basis (at step 146) it is
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then determined if the voltage and temperature sensors 28
indicate a coarse change in either voltage or temperature.
Whilst this is not the case then the flow simply loops back via
step 144. However when such a variation is detected the flow
proceeds via step 148 where the margin sensor is triggered to
generate a new wordline pulse and at step 150 the wordline
quantization circuitry digitises the pulse and updates the con-
tent of the wordline register, such that subsequently (at step
144) the content of the wordline register can be used to
generate an updated duration of wordline pulse for accessing
the memory. Note that the precision of adjusting the wordline
pulse duration depends only on the margin sensor accuracy,
and not that of the voltage and temperature sensors (which
may have an analogue implementation and suffer from pro-
cess variations). The role of the voltage and temperature
sensors is only to trigger the margin sensor. Further, note that
the overhead of the energy consumption of the margin sensor
is only about half the energy of a single write operation to the
example 78 kbit memory discussed above. Moreover, the
sensor only operates when a coarse change in the voltage/
temperature is sensed, which is not necessarily every cycle.
The area overhead is about seven times the area of single
bit-cell and can be reduced if the wordline driver and the
wordline capacitor are shared between the sensor and the
memory array.

FIGS. 12A and 12B provide greater detail of how the BIST
process is configured to determine the worst-case bitcell in
the bitcell array 12, and in particular the corresponding T,
value for this worst-case bitcell. This is performed by means
of'a scanning process which begins at step 160 as illustrated
in FIG. 12B. The wordline pulse is initially set to a minimum
value (T zn), 1.€. to a minimum value which can be con-
figured by the wordline registers. An iterative process then
begins at step 164 wherein firstly a full set of Os are written to
arow of the bitcell array, whereafter at step 166 the row is read
back and it is determined if the write has been successful, i.e.
if the full set of Os has successfully been written and read
back. If it has not then the flow proceeds via step 168 where
the duration of the wordline pulse is increased by one unit, i.e.
the wordline register value is increased by its least significant
bit. After step 168 the write and read process to the current
row is tested once more (steps 164 and 166). The flow con-
tinues in this fashion until the write is determined to have been
successfully performed at step 166. The procedure then seeks
to move on to the next row of the memory (at step 170), for
each row of the memory to be tested in this manner until the
end of the memory is reached (step 172). Once this process
has been complete for the successful writing of Os, then the
procedure is repeated for testing the writing of a set of 1s to
each row of the memory (step 174). Accordingly, this proce-
dure ensures that once the full set of steps schematically
illustrated in FIG. 12B are complete the content of the word-
line registers defines a wordline pulse duration which corre-
sponds to that required for the worst case bitcell in the bitcell
array to be written with eitheraOora 1.

FIGS. 13A and 13B schematically illustrate the procedure
via which the BIST procedure calibrates the sensor circuitry
using the bitline bias circuitry to cause the sensor circuitry to
generate a wordline pulse having a duration corresponding to
that of the worst-case bitcell in the array. The bitline bias
(BLB) calibration process begins at step 180. Thereafter, at
step 182 the BIST control reads the content of the wordline
register and stores these values as a target value for the sub-
sequent process. Then at step 184 the BIST control sets B0,
B1 and B2 to their minimum values and then at step 186
triggers the margin sensor (sensor circuit) to generate a new
wordline pulse. This wordline pulse is received by the word-
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line quantizer which results in new values being generated for
the wordline registers. It is then determined at step 188 if
these resulting wordline register values match the target val-
ues set at step 182. Whilst they do not the flow proceeds back
via step 190 where the value represented by B0-B2 is incre-
mented and (at step 186) a new wordline pulse is generated.
This continues until the new wordline pulse generated by the
sensor circuitry generates a wordline pulse of a duration
which matches the target and then at step 192 the bitline bias
calibration procedure is complete.

Although particular embodiments of the invention have
been described herein, it will be apparent that the invention is
not limited thereto, and that many modifications and addi-
tions may be made within the scope of the invention. For
example, various combinations of the features of the follow-
ing dependent claims could be made with the features of the
independent claims without departing from the scope of the
present invention.

We claim:

1. Apparatus for storing data, comprising:

an array of bitcells, the array comprising a plurality of rows

of bitcells, wherein access to a selected bitcell in the
array of bitcells requires assertion of a wordline pulse on
a wordline associated with a row in which the selected
bitcell is to be found;

wordline pulse circuitry configured to generate the word-

line pulse;
sensor circuitry comprising a calibrated bitcell and a test
wordline, wherein the calibrated bitcell is calibrated in a
prior calibration process to use, in writing to the cali-
brated bitcell, a calibrated duration of wordline pulse on
the test wordline which matches a longest wordline
pulse required by any bitcell in the array of bitcells for a
successful write operation to be carried out,
wherein the sensor circuitry is configured to signal a word-
line pulse duration to the wordline pulse circuitry based
on the calibrated duration and wherein the wordline
pulse circuitry is configured to generate the wordline
pulse with the wordline pulse duration signalled by the
Sensor circuitry,

and wherein the sensor circuitry is configured to adapt the
wordline pulse duration in dependence on current local
conditions in which the apparatus operates to compen-
sate for influence of the current local conditions on the
longest wordline pulse required by any bitcell in the
array of bitcells.

2. The apparatus as claimed in claim 1, wherein the sensor
circuitry is configured to signal the wordline pulse duration to
the wordline pulse circuitry by generating a signal wordline
pulse which has the wordline pulse duration.

3. The apparatus as claimed in claim 1, wherein the sensor
circuitry comprises trigger circuitry configured to activate the
test wordline and the calibrated bitcell is configured such that
activation of the test wordline begins a write process to invert
a default value held by the calibrated bitcell,

and the sensor circuitry comprises reset circuitry config-

ured to deactivate the test wordline when the write pro-
cess has successfully inverted the default value held by
the calibrated bitcell.

4. The apparatus as claimed in claim 3, wherein the reset
circuitry is configured, when deactivating the test wordline, to
cause the default value to be restored to the calibrated bitcell.

5. The apparatus as claimed in claim 1, wherein the sensor
circuitry comprises a capacitance coupled to the test word-
line, wherein the capacitance is calibrated to correspond to a
wordline capacitance of one row of the plurality of rows of
bitcells.
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6. The apparatus as claimed in claim 1, wherein the sensor
circuitry comprises bitline bias circuitry configured to apply
a bias voltage to a bitline node coupled to the calibrated
bitcell, wherein calibration of the calibrated bitcell in the
prior calibration process comprises setting the bias voltage to
cause the calibrated duration of wordline pulse on the test
wordline to match the longest wordline pulse.

7. The apparatus as claimed in claim 6, wherein the bitline
bias circuitry comprises voltage divider circuitry, wherein the
voltage divider circuitry comprises a plurality of voltage divi-
sion paths coupled to the bitline node, and wherein each of the
plurality of voltage division paths is selectively activated by a
corresponding bit of a multi-bit calibration signal.

8. The apparatus as claimed in claim 7, further configured
to perform an iterative calibration signal selection process to
adapt the multi-bit calibration signal in the prior calibration
process to cause the calibrated duration of wordline pulse on
the test wordline to match the longest wordline pulse.

9. The apparatus as claimed in claim 6, wherein the sensor
circuitry comprises an access transistor which is configured
to couple the bitline node to the calibrated bitcell, and the
array of bitcells comprises bitcell array access transistors
configured to couple an array bitline to the bitcells of the array
of bitcells, and the access transistor is configured to switch
faster than the bitcell array access transistors in the array of
bitcells.

10. The apparatus as claimed in claim 9, wherein the access
transistor is sized relative to the bitcell array access transistors
such that an expected distribution after manufacturing of the
wordline pulse duration generated by the calibrated bitcell
before the prior calibration process is carried out has a major-
ity of data points at lower durations than data points of an
expected distribution after manufacturing of the longest
wordline pulse.

11. The apparatus as claimed in claim 1, wherein the sensor
circuitry is configured, in response to a change in the current
local conditions, to carry out a test write operation on the
calibrated bitcell to determine a new wordline pulse duration.

12. The apparatus as claimed in claim 1, wherein the sensor
circuitry comprises a voltage sensor configured to determine
a change in a voltage supply used by the apparatus.

13. The apparatus as claimed in claim 1, wherein the sensor
circuitry comprises a temperature sensor configured to deter-
mine a change in local temperature.

14. The apparatus as claimed in claim 1, further comprising
self-testing circuitry configured to perform the prior calibra-
tion process comprising initially setting the wordline pulse to
have a predetermined minimum duration, followed by itera-
tively testing each row in the array of bitcells, wherein testing
each row comprises writing to that row followed by reading
from that row to determine if the writing to that row was
successful, and incrementing the duration of the wordline
pulse until every row in the array of bitcells has been success-
fully written to, to thus determine the longest wordline pulse.

15. The apparatus as claimed in claim 14, wherein the
self-testing circuitry is further configured to perform the prior
calibration process such that testing each row comprises:

writing a sequence of Os to that row followed by reading

from that row and determining if the writing of Os to that
row was successful; and

writing a sequence of 1s to that row followed by reading

from that row and determining if the writing of 1s to that
row was successful.

16. The apparatus as claimed in claim 2, wherein the word-
line pulse circuitry comprises wordline pulse quantization
circuitry configured to sample the signal wordline pulse gen-
erated by the sensor circuitry and wordline pulse registers
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configured to store a quantization result generated by the
wordline pulse quantization circuitry, wherein the wordline
pulse circuitry is configured to generate the wordline pulse
with a duration specified by the quantization result stored in
the wordline pulse registers.

17. The apparatus as claimed in claim 16, wherein the
wordline pulse quantization circuitry comprises a sequence
of'delay stages configured to receive the signal wordline pulse
and a set of pass gates coupled to intermediate nodes between
the delay stages, wherein each pass gate in the set of pass
gates is configured to transmit a signal from a respective
intermediate node when that pass gate is open, and the respec-
tive gates of the set of pass gates are coupled together and
configured to receive the signal wordline pulse, such that the
set of pass gates are opened by a starting edge of the signal
wordline pulse and are closed by an ending edge of the signal
wordline pulse, and comprising capture circuitry configured
to capture the signals from the respective intermediate nodes
via the pass gates as the quantization result.

18. The apparatus as claimed in claim 17, wherein the
capture circuitry comprises thermometer to binary conver-
sion circuitry configured to generate a set of binary values in
dependence on a thermometer value represented by the sig-
nals from the respective intermediate nodes via the pass gates.

19. The apparatus as claimed in claim 17, wherein a first
delay stage of the sequence of delay stages is configured to
have a delay corresponding to a minimum expected wordline
pulse duration for the array of bitcells.

20. The apparatus as claimed in claim 16, wherein the
wordline pulse circuitry comprises binary to thermometer
conversion circuitry configured to generate a set of signals in
a thermometer value representation from a set of binary val-
ues given by the quantization result stored wordline pulse
registers.

21. The apparatus as claimed in claim 20, wherein the
wordline pulse circuitry comprises wordline pulse generation
circuitry configured to generate the wordline pulse at an out-
put node and comprising a sequence of delay stages and a set
of'pass gates coupled to intermediate nodes between the delay
stages, wherein each pass gate in the set of pass gates is
configured to be open when a respective signal from the set of
signals in thermometer representation is not asserted, and
respective outputs of the set of pass gates are coupled together
and coupled to pulse termination circuitry, such that a starting
edge received at the output node is propagated through the
sequence of delay stages until the starting edge reaches an
selected intermediate node coupled to an open pass gate and
the starting edge activates the pulse termination circuitry to
generate a ending edge at the output node.

22. The apparatus as claimed in claim 21, wherein a first
delay stage of the sequence of delay stages is configured to
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have a delay corresponding to a minimum expected wordline
pulse duration for the array of bitcells.

23. A method of adapting a duration of a wordline pulse in
an apparatus for storing data comprising an array of bitcells,
the array comprising a plurality of rows of bitcells, wherein
access to a selected bitcell in the array of bitcells requires
assertion of the wordline pulse on a wordline associated with
a row in which the selected bitcell is to be found, the method
comprising the steps of:

performing a prior calibration process, with respect to sen-

sor circuitry comprising a calibrated bitcell and a test
wordline, to adapt the calibrated bitcell to use, when the
calibrated bitcell is written to, a calibrated duration of
wordline pulse on the test wordline which matches a
longest wordline pulse required by any bitcell in the
array of bitcells for a successtul write operation to be
carried out;

signalling a wordline pulse duration based on the cali-

brated duration;

generating the wordline pulse with the wordline pulse

duration signalled; and

adapting the wordline pulse duration in dependence on

current local conditions in which the apparatus operates
to compensate for influence of the current local condi-
tions on the longest wordline pulse required by any
bitcell in the array of bitcells.

24. Apparatus for storing data, comprising:

an array of bitcells, the array comprising a plurality of rows

of bitcells, wherein access to a selected bitcell in the
array of bitcells requires assertion of the wordline pulse
on a wordline associated with a row in which the
selected bitcell is to be found; means for generating the
wordline pulse;

means for performing a prior calibration process, with

respect to sensor circuitry comprising a calibrated bitcell
and a test wordline, to adapt the calibrated bitcell to use,
when the calibrated bitcell is written to, a calibrated
duration of wordline pulse on the test wordline which
matches a longest wordline pulse required by any bitcell
in the array of bitcells for a successful write operation to
be carried out;

means for signalling a wordline pulse duration based on the

calibrated duration to the means for generating the
wordline pulse;

means for adapting the wordline pulse duration in depen-

dence on current local conditions in which the apparatus
operates to compensate for influence of the current local
conditions on the longest wordline pulse required by any
bitcell in the array of bitcells.
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